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ELECTROCHEMICAL CHARAC T E N  ZATION 
O F  NON-AQUEOUS SYSTEMS 

FOR SECONDARY BATTERY APPLICATION 

M. Shaw, 0. A. P a e z ,  R. J. Radkey, A. H. Remanick 

ABSTRACT 

Multisweep cycl ic  vo l tammograms have been obtained f o r  an  additional 

153 s y s t e m s  compr is ing  s i lve r ,  copper,  nickel, cobalt, zinc,  cadmium, 

molybdenum, indium, and i r o n  e lec t rodes  i n  ace toni t r i le ,  butyrolactone, 

dimethylfo rmamide ,  and propylene carbonate  solutions of chlor ides ,  

pe rch lo ra t e s ,  and f luorides .  

The effect of solute  concentrat ion and wa te r  impur i ty  on the cycl ic  vo l tam-  

m o g r a m s  of a number of s y s t e m s  w a s  determined.  

T.'o!t~z~mlltegrarr_s a r e  nrPsPntPrl! r-------- fer thi r t y - n n e  nf t h e s e  systems- Tabular 

data  includes peak c u r r e n t  density,  sweep  index, anodic -to -cathodic peak 

displacement ,  coulombic ratio,  and d i scha rge  capacity. Sys t ems  exhibiting 

no anodic o r  no cathodic peaks are l is ted,  a s  wel l  as those causing i n s t r u -  

ment  overload due to a combination of high c u r r e n t  and relat ively low 

conductance. 

-1 - 



SUMMARY 

The  e iec t rochemica i  charac te r iza t ion  of nonaqueous ba t te ry  s y s t e m s  by 

mul t i sweep cycl ic  vo l tammetry  has been continued. 

a r e  now avai lable  on nea r ly  seven hundred s y s t e m s  compris ing s i lve r ,  copper ,  

nickel,  cobalt, zinc,  cadmium, molybdenum, indium, and i r o n  in chlor ide,  

pe rch lo ra t e ,  and f luoride solutions of ace toni t r i le ,  butyrolactone, dimethyl-  

3’ 
formamide ,  and propylene carbonate. Solutes cons is t  p r i m a r i l y  of AlCl 

LiC1, MgC12, Mg(C104)2, LiC104, MgF2, L i P F  LiBF4, and K P F  The 

vol tammograms of thir ty-one sys tems a r e  included in  th i s  report .  

Cyclic vo l tammograms 

6’ 6’ 

During this  report ing per iod,  the effects of solute  concentrat ion and w a t e r  

impur i ty  on the cyc l ic  vol tammograms of a number  of s y s t e m s  w e r e  d e t e r -  

mined. Solute concentrat ions were va r i ed  f r o m  0. 5 to 3. 0 m. Water 

addition va r i ed  f r o m  500 to 2000 ppm. 

indium and i r o n  electrodes.  

negligible e lec t rochemica l  activity. When act ivi ty  was indicated,  i t  was  

usual ly  only anodic, with no cathodic c u r r e n t  evident, which m a y  have been 

due to  immedia te  dissolution of the anodic product.  Indium e lec t rodes  show 

promis ing  e lec t rochemica l  activity. 

Cyclic vo l tammetry  was ini t ia ted on 

In general ,  i r o n  e lec t rodes  exhibit low o r  

Measurements  w e r e  continued on m e t a l  

axide, c h h r i d e ,  ..Ed f!m???ide e l e r t r c d e s .  

Tables  a re  p resen ted  l is t ing sys tem p a r a m e t e r s  der ived  f r o m  the cycl ic  

vo l tammograms.  These  tables  include data  on peak c u r r e n t  dens i t ies ,  sweep 

index, anodic to cathodic peak displacement ,  coulombic ra t io  , and d i scha rge  

capacity.  

peaks,  a s  well  as those s y s t e m s  causing in s t rumen t  overload. 

Lis ted  a l s o  a r e  those sys tems exhibiting no anodic o r  cathodic 

. .  
-11 - 



INTRODUCTION 

The  purpose  of th i s  p rogram is to  conduct a molecu la r  leve l  screening by 

the  cycl ic  vol tammetr ic  method on a l a r g e  number  of e lec t rochemica l  

s y s t e m s  i n  nonaqueous e lec t ro ly tes ,  and to cha rac t e r i ze  them as to  t h e i r  

sui tabi l i ty  f o r  u s e  i n  high energy densi ty  secondary  ba t te r ies .  

Since the release and s to rage  of energy  in  a ba t t e ry  is ini t ia ted at the  

molecu la r  leve l  of the  react ion,  and t h e r e f o r e  dependent on the charge  

and mass t r a n s f e r  p r o c e s s e s ,  it is e s sen t i a l  that  sc reening  be conducted 

at th i s  level ,  i n  o r d e r  to e l iminate  those  s y s t e m s  whose e lec t rode  p r o c e s s e s  

a r e  inadequate  f o r  secondary  bat tery operation. 

. . .  
-111 - 



In RESULTS 

A ANALYSIS OF CYCLIC VOLTA?"i?ViOGPL4?ViS 
n' 

Table  I lists the conductivit ies of the solutions used  in  prepar ing  the  e l ec t ro -  

chemica l  s y s t e m s  sc reened  during th i s  quar te r .  

a r e  shown i n  Tables  I1 and III. 

Curve  ana lys i s  was accomplished by dividing all sys t ems  into two m a j o r  

groups : 

The s y s t e m s  sc reened  

This r ep resen t s  a total  of 153 sys t ems .  

1. 

2, Sys tems  involving fluoride e lec t ro ly tes  

Sys tems involving chloride and pe rch lo ra t e  e lec t ro ly tes  

Each  ma in  group was then subdivided according to the  ident i ty  of the working 

electrode.  

the identity of the  solvent portion of the solution. 

a re  then d i scussed  in t e r m s  of the  total  solution. This  c lass i f icat ion fac i l -  

i t a t e s  data  ana lys i s ,  and has permit ted a m o r e  significant co r re l a t ion  among 

the e lec t rochemica l  sys tems.  

Each  of these  subgroups was  fu r the r  broken down according to 

The cyclic vo l tammograms 

Except ir! those  c a s e s  where the meta l  i s  converted to a cathodic materia.1 

p r i o r  to a s sembly  i n  the measu r ing  cel l ,  the w o r h n g  e lec t rode  i s  the Lase 

metal i tself .  

anodic product which s e r v e s  a s  the cathode subsequently reduced during the 

cathodic port ion of the sweep. 

cha rge -d i scha rge  cycle. In  the absence  of complicating f ac to r s ,  i t  i s  

a s s u m e d  that  chlor ide cathodes would be fo rmed  in  chlor ide e lec t ro ly tes ,  

and f luoride cathodes i n  f luoride electrolytes .  

D i r ing  the  voltage sweep, the meta l  is oxidized to some 

Each sweep cycle  thus co r re sponds  to a 

Each cycl ic  vo l tammogram i s  identified by a C V  number  and label led a c c o r d -  

Lng to the e lec t rochemica l  sys t em,  sweep ra te ,  t empera tu re ,  and  z e r o  

re ference ,  represent ing  the open c i rcu i t  voltage (ocv)  of the working e l ec t rode  

with respec t  to  the indicated re ference  electrode.  The c u r r e n t  ax is  i s  

-1-  



2 
i n  uni ts  of m a / c m  , each unit being of var iab le  s c a l e  depending on the 

X - Y  r e c o r d e r  sensi t ivi ty  setting. 

divis ion h a s  been established to avoid exaggerating the c u r r e n t  background 

of poor  sys t ems .  

becoming m o r e  posit ive to  the  right. Pos i t ive  c u r r e n t s  r e p r e s e n t  anodic 

( cha rge )  react ions,  and negative cu r ren t s  r ep resen t  cathodic (d ischarge)  

react ions.  

uni ts  are i n  terms of e lec t rode  polarization. 

2 
A maximum sens i t iv i ty  of 0.1 m a / c m  / c m  

The sweep is always in  a c lockwise direct ion,  the potential  

The  voltage axis units are re la t ive  to the ocv so tha t  voltage 

F o r  compara t ive  purposes ,  cu r ren t  densi ty  magnitude is c lass i f ied  according 

to  v e r y  high 

(50-100 m a / c m  ), medium low (10-50 m a / c m  ), - low (1-10 m a / c m  ), and 

v e r y  low (less than 1 m a / c m  ). 

2 2 
( m o r e  than 300 m a / c m  ), high (100 - 300 ma/cm ), medium high 

2 2 2 

2 

Analysis  is based on the cycl ic  vol tammograms obtained a t  the lowest  sweep 

rate, 40 m v / s e c ,  

h ighe r  sweep r a t e  curves  to a id  in  the analysis .  

except where  additional information is requi red  from the 

- 2 -  



TABLE I 

ELECTROLYTE CONDUCTIVITY * 

Elec t ro ly te  

6 Acetoni t r i le  -LiPF 

Acetoni t r i le  -LiClO 
4 

Dime thylformamide -LiClO 
4 

6 Dimethylfo r m a m i d e  - K P F  

Molality 

m 

0. 5 (1) 

0. 75 

2. 5 

1. 5 

1. 0 

0. 5 

2. 0 

1. 5 

1. 0 

0. 75 

3. 0 

Dimethylformamide -LiClO + LiCl 

Dimethylformamide-Mg(C1O ) 0. 75 

0. 75 (1) 4 

4 2  

Acetoni t r i le  -A.lCl t LiCl  0. 25 (2)  3 

Buty rolactone - LiClO 0. 75 4 

Co nduc ti vitv 
- 1  - 1  

ohm cm 

4.4 x 

3.0 x 

- 2  1.4 x 10 -. - L  
2. 6 x 10 

2. 6 x 10 

1.9 x 10 

-2 

-2 

2.5 x 

2.4 x 10 

2.4 x 

1.2 x 

-2  

5. 8 

2.1 x 

1.9 x 

1.9 x 

1.7 x 

(1) 

(2) 0. 25 m i n  AlCl sa tu ra t ed  with LiCl 
3’ 

::: 

Concentration with r e spec t  to each salt 

In o rde r  of decreas ing  conductivity 

- 3 -  



TABLE I (Cont’d.  ) 

Elec t ro ly te  

4 
Acetoni t r i le  -L iBF  

Acetoni t r i le  - d C 1  + LiCl 
3 

6 
Acetonit rile - K P F  

Molality 

m 

0. 5 

0. 25 (1) 

0. 5 

Dimethylformamide -AlC1 t LiCl  0.5 (1) 3 

Dimethylformamide - LiCl 2. 5 

1. 5 

1. 0 

0. 5 

0. 5 6 
Dimethylformamide - L i P F  

Propylene carbonate-MC1 t L i C l  0. 5 (1 )  3 

Propylene ca rbona te -L iPF  0. 5 6 

Dimethylformamide -MgC1 
2 0. 5 

(1) 

( 2 )  0. 25 m i n  AlCl sa tura ted  with LiCl 

:;< 

Concentrat ion with respec t  to each sa l t  

3’ 
In o r d e r  of dec reas ing  conductivity 

Conductivity 

ohm crn 
-1  -1  

1. 6 x 

1.5 x 

1.5 x 

1.0 x 

6.6 x 

9.4x 

9~~ 

7.7 

9 . 0 ~  

8.7 

7 

7.5 x 

7 . 0 ~  

-4- 



Elec t ro ly te  

TABLE I (Cont'd. ) 

Molality 

m 

1. 0 4 
Propylene  carbonate  - Li ClO 

Propylene  carbonate-AlC1 3 t LiCl  ( 2 )  

Propylzne  carbonate-Mg(Cl0 ' 0. 75 4'2 
1. 0 6 

Propylene  carbonate  - K P F  

0. 5 ( s )  2 
Propylene  carbonate-MgC1 

2 
Butyrolactone -MgC1 0. 5 (s) 

(1) 

( 2 )  0. 25 m i n  AlCl s3:urated w i t h  LiCl  
3' 

( s )  Saturated 

1. 

Concentration with respect to  each salt 

.*, In o r d e r  of d e c  reasi r ig roqdiictixiity 

cConductivi ty 
-1  -1  ohm cm 

6.8 x 

5.5x 10 ' 

5.5, 10 

- -3 

- 3  

4.5 

2 . 4 ~  

1 . 3  
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1. Sys t ems  Involving Chloride and Pe rch lo ra t e  Elec t ro ly tes  

a. Si lver  Elec t rode  

(1) Acetonitri le s ~ l - ~ t i ~ r i  

The cyclic voltaii1fiiograiii for  ~ i : v e r  iiieial i n  AlCl 

LFCl is shown i n  Figure 1 (CV-2774). 

solutioii sa tura ted  with 
3 

This  s y s t e m  shows a single anodic 

peak  and a broad  complex cathodic peak with v e r y  high c u r r e n t  densi t ies .  

The  sweep  rate dependence indicates the format ion  of a soluble anodic 

product  (vanishihg d i scha rge  peak with decreas ing  sweep rate). 

(2) Butyrolactone solution 

T h e  addition of 500 ppm wa te r  to biityrolactone-MgC1 

load f o r  the s i l v e r  e lec t rode ,  possibly result ing f r o m  high peak c u r r e n t s  

and  low conductance of the electrolyte.  

anhydrous sys t em was pre‘ented e a r l i e r  (Rei. 2, p. 3 6 ) ,  

ca.uses voltage o v e r -  
2 

The cycl ic  vol tammograrn f o r  t he  

( 3 )  - Dimethylio rmamlde  solutrons 

The cyclic VoI tammogram for  s i l v e r  i n  MuCl  

w a t e r  is  shown ic F igure  2 (CV-25Z5).  

(CV-2515) represent ing U <.oritsol system with no water  addirive. 

pronounced effect  o f  t h e  water irnpuiity is to  i n c r e a s e  t h e  peak.--to.-pe:.& 

dlsplac:em-er,t. 

water-containing sol-ition. 

solution conta in ing  200C1 nnm K-L- ~~- 
- 2  

This i s  compared  with F igu re  3 

The r n o s i  

1” a.dd~:ioc, t he  disL.hazge p e ~ . k  c u r r e n t  is decrea-sed i n  the  

Cyclic sweep m e a s u r e m e n t s  were  n7ade f o r  s i l v e r  e lec t rodes  In dimethyl-  

fo rmamide -L iCi  solutioris of 0, 5, 1, 5, and 2 .  5 m o j a r  concentration. The 

anodic and cathodic. pedks fal l  in the high to  V ~ Z Y  high c u r r e n t  densi ty  range,  

and the sweep r z t e  dependence indicates the  formation of insoluble  anodic 

products.  

F igu re  5 (CV-25953, 

Represc na,~.tive curs’es a r e  showri i n  F i g u r e  4 (CV-2605)  and 

Inc.reasirlg the salt concentration causes  a v e r y  m a r k e d  



i n c r e a s e  i n  peak c u r r e n t  densit ies,  although the AV 

m e n t )  is a l s o  increased.. Visual observat ion indicates  a yellow discolorat ion 

of the solution which d e c r e a s e s  as the salt concentrat ion is ra i sed .  A brown 

d i s c h a r g e  product  f o r m s  on  the working electrode. 

(peak-to -peak d isp lace  - 
P 

(4) Propylene  carbonate  solut ions 

Addition of 500 and 1000 ppm water  t o  s y s t e m s  of s i l v e r  e l ec t rodes  i n  p r o -  

pylene carbonate-MgC1 showed only m i n o r  effects.  Small i n c r e a s e s  i n  

peak  c u r r e n t  densi t ies ,  and a d e c r e a s e  i n  AV 

obse rved  on  addition of 1000 ppm water .  

2 
( f rom 0. 65 to 0. 4 3  v)  w e r e  

P 

b. Silver Chlo ride Elec t  rode 

(1) Dimethylfo rmamide  solutions 

The  cycl ic  voltammogram- for AgCl i n  d imethyl formamide  -MgC1 

earlier (Ref. 4, p. 30). The addition of 1000 ppm wa te r  c a u s e s  a 25 % i n c r e a s e  

i n  c u r r e n t  dens i t ies  f o r  both the cathodic and anodic peaks.  

w a t e r  r e su l t s  i n  voltage overload, Otherwise,  no apprec iab le  d i f fe rence  in 

the cha rge -d i scha rge  p rope r t i e s  f r o m  those obse rved  f o r  the anhydrous s y s t e m  

was  noted. Cyclic vo l tammetry  of AgC1 i n  LiCi solution was r epor t ed  e a r l i e r  

(Ref. 4, p. 8). During th i s  period, m e a s u r e m e n t s  w e r e  repea ted  using so lu-  

t ions  containing 1000 and 2300  ppm water. 

show the r e su l t s  obtained with and without wa te r  respect ively.  

of 2000 ppm w a t e r  r e su l t s  i n  a much h igher  d i scha rge  peak, as wel l  as a v e r y  

l a r g e  d e c r e a s e  i n  AV This  i s  not borne  out, however ,  by the  earlier m e a s u r e -  
P 

m e n t s  made  i n  the absence  of added water .  

formamide-LiC1 gzve exceedingly high c u r r e n t  dens i t ies  (in e x c e s s  of 1. 5 

a m p s / c m  ) f o r  both the cha rge  and d i scha rge  react ions) .  

value w a s  cornparable to  that  for  t h e  water-containing solution ( F i g u r e  6), 

It  is  the re fo re  like:-f that  t hese  d iscrepanctcs  re f lec t  var ia t ions  i n  the 

chlor inat ion depth of t hese  e lec t rodes  r a t h e r  than the effect of  the w a t e r  

was  r epor t ed  
2 

Addition of 2000 pprn 

F i g u r e s  6 and 7 (CV-2549,  CV-2539)  

The addition 

In th i s  ca se ,  AgCl i n  d imethyl -  

2 
Also, the AV 

P 
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additive. 

the  working e lec t rode  su - i ace .  

F igu re  7 could reasonably be explained by a n  included IR d rop  at 

(2) ProDvlene carbonate solutions . .  I, 

The addition of 1000 ppm wa te r  t o  propylene carbonate-MgC1 

signif icant  i n c r e a s e  i n  c u r r e n t  densi t ies  f o r  both anodic and cathodic peaks 

i n  the c a s e  of the AgCl electrode,  

water .  

solut ions without wa te r  additive. 

formamide-MgC1 

obtained earlier (Ref. 4, p. 3 3 )  and repeated a s  a control  f o r  the w a t e r  

additive screening ,  a r e  comparable (in peak heights and AV ). 

however ,  the peak-to-peak displacement  is l a r g e  (about 0. 7 v). 

causes  a 
2 

Voltage overload o c c u r s  a t  2000 ppm 

In addition, the peaks a r e  much s h a r p e r  than those  obtained in  

Unlike the r e su l t s  obtained fo r  dimethyl-  

the cyclic vol tammograms f o r  the non- t rea ted  solutions 
2’ 

In all cases ,  
P 

c. Copper Elec t rode  

(1) Dimethylformamide solutions 

During th i s  per iod,  cycl ic  vol tammograms w e r e  obtained f o r  copper  in 

dimethylformamide solutions of LiCl  and LiClQ a s  a function of solute 

concentration. 

cen t ra t ions  of LiClO in  dimethylformamide. E r r a t i c  mult iple  anodic peaks 

a r e  observed  a t  low concentrat icns ,  along with two broad cathodic peaks 

having medium low c u r r e n t  densi t ies ,  

centrat ions indicates  a d e c r e a s e  i n  the avai labi l i ty  of cathodic reac tan t  a t  

the lower  sweep r a t e s  (soluble anodic product).  A black react ion product 

f o r m s  a t  the e lec t rode  surface.  The solutions turn  a yel low-green color ,  

with l e s s  discolorat ion a t  the higher s a l t  concentrat ions.  

4 
P o o r  electrochemical  p rope r t i e s  a r e  observed  a t  a l l  con-  

4 

The sweep r a t e  behavior a t  all con- 

As repor ted  e a r l i e r  (Ref. 3 ,  p. 29),  copper  i n  dimethylformamide-LiC1 

(0. 75 m) exhibits multiple anodic peaks and a single cathodic peak. 

formation of a soluble anodic product i s  indicated. 

Also the 

The m o s t  recent  data  

-10 - 



ind ica tes  tha t  changing the  solute  concentrat ion f r o m  0. 5 t o  2. 5 m i n c r e a s e s  

the solubili ty of the anodic product. 

is obse rved  on the  working electrode. 

solut ions containing 0.5 and 2. 5 m LiCl  are shown i n  F i g u r e s  8 and 9 

In all cases ,  a black reac t ion  product  

Cyclic vo l tammograms taken  f o r  

(CV-2594, C’J-2579) respectively.  

d. CoDDer Oxide Elec t rode  

(1) Propylene  carbonate  solut ions 

The  cycl ic  vo l tammogram f o r  CuO i n  propylene carbonate  -LiClO has  been 

p resen ted  earlier (Ref. 2, p. 69). Two anodic peaks and one cathodic peak  

with high c u r r e n t  dens i t ies  are general ly  observed.  

1000 ppm w a t e r  causes  the d isappearance  of one of the anodic peaks and i n -  

c r e a s e s  the c u r r e n t  densi ty  of the remaining anodic peaks as weli  as the 

cathodic peak. 

containing 1000 pprn wa te r  a r e  shown i n  F i g u r e s  10 and 11 (CV-2550, CV-2557) 

respect ively.  The e a r l i e r  resu l t s  (Ref. 2 ,  p. 69)  showed a much s h a r p e r  

cathodic peak than produced in F igu re  10, a t  double the c u r r e n t  density. 

Also ,  the  ini t ia l  anodic peak is lower  than the second znodic peak” 

4 

The addition of 500 and 

Voltage sweep curves  f o r  the anhydrous s y s t e m  and f o r  tha t  

e. Cotmer Chloride Electrode 

(1) P ropy lece  carbonate  solut ions 

Copper  ch lor ide  e lec t rodes  which exhibited v e r y  high anodic and cathodic 

c u r r e n t s  in  dis t i l led propylene carbonate  -LiClO 

in solutions containing 500 and 1000 ppm water .  

r e su l t  i n  voltage overload 
4’ 

f. Nickel E lec t rode  

(1) Butyrolactone Solution 

P rev ious  r e su l t s  with nickel e lectrodes in butyrolactone -h lgClZ have. shown 

l imi ted  anodic and no cathodic activity. The addition of w a t e r  i n c r e a s e s  the  

-11- 



anodic  ac t i  ii 

i n  th i s  sys tem.  

g. Zinc Elec t rode  

The  cycl ic  vo l tammogram f o r  zinc i n  LiClO 

(CV-2739). 

c u r r e n t  densi t ies ,  with 0.19 v peak-to-peak separat ion.  Sweep rate behavior  

ind ica tes  format ion  of a soluble cathodic mater ia l .  

solution is shown i n  F i g u r e  12 
4 

Single anodic and cathodic peaks a re  obse rved  having v e r y  high 

C u r r e n t  overload is obtained i n  LiCl i- AlCl 

solution with LiCl e l imina tes  the  c u r r e n t  overload condition, and a sweep 

c u r v e  is obtained with two closely spaced  anodic peaks of v e r y  high c u r r e n t  

solution. Sa tura t ion  of this 
3 

2 
dens i ty  (1100 ma/cm ), and a single cathodic peak. Voltage sweeps  at 80 

and 200 m v / s e c  resu l t  i n  c u r r e n t  overload. 

( 2 )  Butyrolactone solution 

Z i ~ c  ir? LiC10 

m e d i u m  low c u r r e n t  densi ty  range. 

0. 3 v, suggest  a complex d ischarge  p rocess .  

a n  insoluble cathode. 

s n l l ~ t i n n  shows a. single  anodic a.nd t.wo cathodic neaks i n  the  r - -  4 
The two cathodic peaks,  s epa ra t ed  by  

Sweep r a t e  behavior  indica.tes 

( 3 )  Dimethylfo rmamide  solutions 

The concentrat ion of LiClO 

on the cyclic vo l tammograms f o r  zinc e l ec t rodes  i n  this  e lectrolyte .  

men t s  w e r e  taken at f o u r  concentrations f r o m  0. 5 to  2. 5 m. 

s ingle  cathodic peak and two anodic peaks sepa ra t ed  by about 0. 8 v a r e  

obse rved  as shown in  F i g u r e  13 (CV-2668) .  

f i r s t  -r,cdic peak fzlls 2 f f  frorr, 462 miz,!c=- 

centrat ion i s  ra i sed .  

i n  dimethylformamide h a s  a pronounced effect  
4 

M e a s u r e -  

General ly ,  a 

The peak c u r r e n t  densi ty  of the 
2 2 

tc! 144 r - l a / cm 2 s  the salt  c s n -  

2 The cu r ren t  dens i ty  o f  the  second anodic  peak is 36 ma/crn 
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2 7.7 at 2. 5 m and h a s  a maximum vaiut:  vi 240 I I ~ ~ / L I I I  iuo definite 

second anodic peak occur s  at  the lowest concentration range, 0. 5 m. 

Instead, a r e v e r s e  anodic peak occurs  in  an e r r a t i c  region immedia te ly  

anodic  to  the  first peak. This e r r a t i c  region extends o v e r  an  800 m v  range 

posi t ive to the first peak, and the r e v e r s e  peak o c c u r s  anywhere within this  

region, varying f o r  each  cycle. This is shown in F i g u r e  14 (CV-2675). At 

h ighe r  sweep rates, a th i rd  broad anodic peak appea r s  i n  the region between 

the two m a i n  peaks (F igu re  15, CV-2667). 

at i. 5m. 

Zinc in  LiCl  t LiClO 

s h a r p  cathodic peak in  the high cur ren t  densi ty  range. 

soluble cathode material is indicated. These  r e su l t s  a re  similar to those  

obtained fo r  LiClO 

in  t h e  la t te r .  

solution shows multiple anodic peaks and a single 
4 

Format ion  of a 

solution except tha t  higher  and s h a r p e r  peaks occur  4 

The cyclic vo l tammograms f o r  zinc e lec t rodes  In Mg(C10 ) 4.2 
cu rves  with poor  reproducibil i ty.  

reproducible  anodic peaks a r e  observed. 

the zinc xvor,king electrode.  Zinc e lec t rodes  in  LiC1, -MgC1 and A l C l  + LiCl  

solutions all cause  voltage overload. 

solutions show 

A single cathodic peak and mult iple  non- 

A black react ion product f o r m s  on 

2 3 

(4) Propylene carbonate solutions 

The cyclic vo l tammogram f o r  zinc in  LiClO 

(CV-2709). 

c u r r e n t  densi ty  range. 

indicates  high activation polarization. 

cathodic reactants .  

solution is  shown i n  F igu re  16 
4 

The curve  shows relatively s h a r p  peaks in the medium high 

= 1. 5 v) The l a rge  peak-to-peak separa t ion  (AV 
P 

Sweep ra te  behavior pred ic t s  soluble 

The cyclic voltammogra.ms f o r  zinc e lec t rodes  in Mg(C10 ) 4 2  
broad peaks with loiv c u r r e n t  densi t ies  f o r  both anodic and cathodic p rocesses .  

solutions show 

- 13- 



:Ij + LiCI so!up;or; sk;ows 2 sLgle an.dic - - e l -  ,c - -2:...-- pcan u A  IIlFiuiuiii high 

c u r r e n t  densi ty  and a broad cathodic peak in  the low c u r r e n t  densi ty  range. 

Compar i son  of cathodic peak a r e a  with the anodic peak area indicates  a low 

d ischarge- to-charge  efficiency. 

significant effect  on the cyclic vol tammogram, Zinc i n  MgCl solution 

results i n  voltage overload. 

Saturatien of th i s  s d u t i ~ n  with LiCl  h a s  no 

2 

h. Cadmium Elec t rode  

Cadmium i n  ace toni t r i le  and butyrolactone solutions of LiClO 

c u r r e n t  overload. 

r e su l t s  i n  
4 

(1) Dimethylfo rmamide  solutions 

The  effect  of solute concentration on the cyclic vo l tammetry  of the cadmium 

e lec t rode  h a s  been de termined  for  LiClO 

t r a t ions  ranging f r o m  0. 5 to 2. 5 m. 

c u r r e n t  densi t ies  a re  observed  at all concentrations.  

i nc reas ing  anodic and decreas ing  cathodic peak c u r r e n t  densi t ies  occur s  with 

inc reas ing  sa l t  concentration. However, the number  of coulombs/cm ex- 

pended f o r  both anodic and cathodic p r o c e s s e s  becomes  smaller, and the 

d ischarge- to-charge  coulombic ratio l a r g e r ,  as the salt concentration i s  

r a i sed  f r o m  1. 0 m to 2. 5 m. 

anodic peak and a d e c r e a s e  f o r  the cathodic peak with increas ing  concentration. 

The l a r g e s t  c u r r e n t  densi ty  and discharge capaci ty  f o r  the cathodic peak 

occur s  with the 1. 0 m solution indicating optimum cathodic activity in  this  

concentrat ion range. Although the cu rves  genera l ly  show a s ingle  reprodu-  

cible charge  and d ischarge  peak, a n  additional e r r a t i c  and non-reproducible  

d ischarge  p rocess  occur s  i n  some  c a s e s  a t  potentials negative to the m a i n  

cathodic peak. 

in  F i g u r e  17 (CV-2691) and Figure  18 (CV-2690). 

ca te  a black react ion product  on the su r face  of the cadmium e lec t rode  and 

in  suspension to s o m e  extent at all concentrat ions.  

in  dimethylformamide at concen- 4 
Very  high anodic and cathodic peak 

A genera l  t r end  of 

2 

Sweep indices  show a genera l  i n c r e a s e  f o r  the 

Sweep cu rves  a t  low and high sa l t  concentrat ions a r e  shown 

Visual observat ions indi-  
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Cadmium i n  LiCl  solution (F igure  19, CV-2716) shows poor  d i scha rge  p r o p -  

erties, and a cathodic to  anodic coulombic rat io  less than 0. 01. The sweep 

c u r v e  f o r  cadmium in L i C l  $. LiC10. solution is shown in  F i g u r e  20 (CV-2767). 

T h e  cu rve  approximates  a superimposi t ion of the s e p a r a t e  c u r v e s  f o r  the 

component salt solutions d o n e .  

reproducible ,  a n  additional sporadic  and  non-reproducible  d i scha rge  p r o c e s s  

o c c u r s  at potentials negative to  t h e  m a i n  reactions.  

behavior  is similar to  tha t  d i scussed  above f o r  cadmium i n  d imethyl formamide-  

LiClO solutions. 

7 

Although the gcncra! shape of thc  c a r v e  is 

This  spo rad ic  peak 

4 

I r r ep roduc ib ie  peaks with very- high c u r r e n t  dens i t ies  a r e  a l s o  obse rved  f o r  

cadmium in Mg(C10 1 f o r  the  cathodic reaction. Tn this c a s e ,  the r e p r o -  

ducibil i ty of the voltage sweep curves  is  improved  as the sweep r a t e  i s  

increased .  

ra te .  The sporadic  behavior  i s  sim’lar to that observed  f o r  LiClO 

and probably r e su l t s  f r o m  non-reproducible  changes in  su r face  s t ruc t i i re  

such  as i n  the format ion  and break-up  of non-conducting films. 

f o r  cadmium e lec t rodes  

cathodic peaks of iow c u r r e n t  density. 

accord ing  to the low rat io  of cathodic to anodic peak a r e a .  

4 2  

Sporadic  peaks a r e  no longer  observed  a t  the 200 m v / s e c  sweep 

solutions,  
4 

CV curves  

MC13 + LiCl solution show mult iple  anodic and 

A poor  charging efficiency is  indicated 

Very  low cathodic 2C:tiv’ty i s  obtained i n  MgC1 

cathodic to anodic peak heights  with sweep r a t e  indicates  format ion  of a 

soluble cathodic ma te r i a l .  

solution. Compari  son  of 
2 

( 2 )  Propylene carbonate  solutions 

The cyclic vo l tammogram f o r  cadmium in AlCl 

in  F i g u r e  21 (CV-2785). 

densi ty  sepdra t ed  by 0.  8 v, arid d single  s h a r p  cathodic peak of m e d i u m  low 

c u r r e n t  density. 

Saturat ion of this  solution with L lCi  reduces  both anodic and cathodic activity 

and LiCl  solution is  shown 
3 

This  sys tem shows two anodic peaks of low c u r r e n t  

Fo rma t ion  o i  a n  insoluble cathodic m a t e r i a l  is  indicated,  
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to  v e r y  low c u r r e n t  densi t ies ,  Cadmium i n  LiClO solution r e su l t s  i n  

c u r r e n t  overload. solution shows broad peaks with 

low activity,  probably due to the low solubility of MgC1, in  propylene 

carbonate .  

4 
The curve  i n  MgCl 

2 

- L  

T h e  CV curve  f o r  cadmium i n  Mg(C10 ) 4 2  
(CV-2826). 

c u r r e n t  density. 

t h e  format ion  of a n  insoluble anodic product. 

solution is shown in  F i g u r e  2 2  

The cu rve  shows s h a r p  s ingle  anodic and cathodic peaks of low 

The  sweep rate dependence of the peak height ra t io  indicates  

i. Molybdenum Elec t rode  

(1) Dimethylfo rmamide  solutions 

Molybdenum in  chlor ide and in perchlora te  solutions shows low cathodic 

act ivi ty  and medium anodic activity. 

peaks a r e  observed.  

act ivi ty  is usual ly  g r e a t e r  than 1 volt. 

i n  Mg(C10q)2 solution is shown i n  F igu re  2 3  (CV-2856). 

reduction pezk i n  the  p re sence  of the broad  oxid-ation peak at  2-11 sweep rates  

i l l u s t r a t e s  the lack  of cathodic activity of this  e lectrode.  

Anodic peaks a r e  broad and no cathodic 

The voltage separa t ion  between anodic and cathodic 

A cycl ic  vo l tammogram fo r  molybdenum 

The absence  of a 

( 2 )  Propylene carbonate solutions 

The resu l t s  f o r  molybdenum in perchlorate  solutions a r e  similar to those 

desc r ibed  fo r  the dimethylformamide solutions. 

show low anodic and ve ry  low cathodic activity. 

The sweep cu rves  general ly  

j. Indium Electrode 

These  r ep resen t  the first resu l t s  repor ted  f o r  indium e lec t rodes .  

(1) Dimethylformamide solutions 

Indium in LiClO solution shows very  high anodic act ivi ty  and med ium cathodic 
4 
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activity.  

peak area ind ica tes  the formation of soluble anodic products.  

discolorat ion and a d a r k  cloudy suspension a r e  observed.  

a re  obtained f o r  Mg(Ci0 ) 

l ower  by a f a c t o r  of four.  

The sweep r a t e  dependence of the rat io  of the cathodic to anodic 

Solution 

S imi la r  r e su l t s  

soiutions except that  peak c u r r e n t  densi t ies  are 
4 2  

T h e  cyc l ic  voltammogram for indium in  LiCl  solution shows anodic 

plateaus of medium high c u r r e n t  densi ty  and a cathodic peak i n  the medium 

low range. Sweep r a t e  dependence sugges ts  soluble anodic products  a r e  

involved in  the e lec t rode  process .  In MgCl solution, indium e lec t rodes  

show e r r a t i c  anodic act ivi ty  of very  high c u r r e n t  densi t ies ,  but no cathodic 

act ivi ty  . 
2 

(2)  Propylene carbonate  solutions 

The cycl ic  vol tammogram f o r  indium i n  LiClO 

F i g u r e  24 (CV-2927). 

c u r r e n t  densi ty  range. 

solution i s  shown i n  
4 

The curve shows broad  peaks in the medium high 

The rat io  of cathodic to anodic peak a r e a s  i s  0. 5. 

In Mg(C10 ) solutions,  two anodic peaks and a s ingle  s h a r p  cathodic peak 

of v e r y  high c u r r e n t  densi ty  a r e  observed. Again, as with LiClO solutions,  

the cathodic peak a r e a  is half that  of the anodic peak a r e a  a s  shown in  

F i g u r e  25 (CV-2901). 

d i scha rge  s toichimetry,  i. e . ,  the actual  number of e lec t rons  p e r  molecule  

undergoing d i scha rge  m a y  be l e s s  than requi red  f o r  complete reduction to 

the meta l l ic  s ta te .  

4 2  

4 

This  resu l t  m a y  re f lec t  a difference in  charge  and 

k. I ron  Elec t rode  

These  r e p r e s e n t  the f i r s t  r e su l t s  repor ted  f o r  i r o n  e lec t rodes .  
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(1) Dimethylformamide solutions 

The  cycl ic  vo l tammogram f o r  i ron  in  LiClO 

(CV-2937). 

c u r r e n t  densi ty  occur s  on the forward sweep. 

obse rved  on t h e  r e v e r s e  sweep. 

sweep  cu rve  similar to that descr ibed  f o r  LiClO 

peaks  and lack  of cathodic activity has  been cha rac t e r i s t i c  of i r o n  s y s t e m s  

with chlor ide and perchlora te  e lectrolytes  examined thus far. The highest  

anodic  act ivi ty  o c c u r s  f o r  LiCl solution accompanied by voltage overload. 

The lowest  anodic activity is  observed in  MgCl 

solution i s  shown i n  F i g u r e  26 
4 
A s h a r p  anodic peak of high No cathodic peak Is cbserved. 

A repeti t ive anodic peak is 

Iron in  Mg(C104)Z solution yields a voltage 

solution . Complex anodic 
4 

solution. 
2 

( 2 )  Propylene  - carbonate  solutions 

The e lec t rochemica l  behavior of i ron i n  LiClO and Mg(C10 ) soluticns 
4 4 2  

i s  similar to that  observed  in  dimethylformamide solutions except that  

lower  c u r r e n t  densi ty  ranges a r e  involved. 

i s  observed.  

H e r e  again no cathodic act ivi ty  

2. Sys t ems  Involving Fluoride Electrolytes  

a. S i lver  Elec t rode  

(1) Acetonitri le solution 

The voltage sweep cu rve  fo r  K P F  

proper t ies .  

indicates  format ion  of a soluble cathodic mater ia l .  Earlier w o r k  with LiPF 

resu l ted  in  c u r r e n t  overload and dissolution of the electrode.  

f o r  the mixed salt sys t em is s imi l a r  to that f o r  s i l v e r  i n  the K P F  

alone (Ref. 2, p. 70). 

t LiPF 
6 6 

solution indicates  poor  d ischarge  

The coulombic rat io  i s  less than 0.1 and the  sweep r a t e  behavior  

6 
The sweep curve  

solution 6 

( 2 )  Dimethylf o r m a m i  de solutions 

The sys t em s i l v e r / D M F - L i P F  i s  the only one found thus fa r  which yields  6’ 



a well  defined cathodic peak i n  the absence  of a n  anodic peak. 

of a soluble anodic product is indicated, and v isua l  inspect ion of the  working 

electrede re-"realec! that its diarn~ter  had been reduced t o  appxwximate:y 

Formation 

half its or ig ina l  size. 

(3) Propylene  Carbonate solutions 

T h e  cycl ic  vo l tammogram f o r  s i l ve r  e lec t rode  in LiPF 

v e r y  high anodic  peak (600 ma/cm ) and a smaller cathodic peak (140 m a / c m  ). 

A compar i son  of cathodic to  anodic peak areas at the slow sweep rate (40 m v / s e c )  

ind ica tes  a poor  d ischarge  - to-charge  efficiency f o r  th i s  sys tem.  

over load  o c c u r s  at higher  sweep  rates. 

solution shows a 
2 6 2 

C u r r e n t  

b. S i lve r  Difluo r ide Elec t  rode 

(1 ) Dim eth ylf o rmamide  solutions 

A g F Z  e l ec t rodes  in  d imethyl formamide-KPF 

t r a t ions  exhibit e r r a t i c  behavior and ve ry  high c u r r e n t s  causing s y s t e m  

osci l la t ion and c u r r e n t  overload. 

a t tempted.  

solutions a t  var ious  concen-  6 

No f u r t h e r  s tudy of this  s y s t e m  was  

c. Copper  Elec t rode  

(1) Acetonitri le solutions 

The CV curve  f o r  copper  i n  K P F  f LiPF solution, shown i n  F i g u r e  27 

(CV-2751), indicates  a well-behaved r e v e r s i b l e  s y s t e m  with s h a r p  single 

anodic and cathodic peaks of v e r y  high c u r r e n t  densi ty .  The  AV i s  only 
P 

70 mv. The sweep indices  a r e  198 and 704 f o r  anodic and cathodic peaks 

respect ively,  and the coulombic ratio is 0. 36. 

indicates  a n  insoluble  cathode. 

study. 

6 6 

Sweep r a t e  behavior  

This s y s t e m  is recommended f o r  f u r t h e r  
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Resul t s  o n  the effect  of water addition on Cu i n  ace ton i t r i l e -KPF w e r e  

inconclusive.  Cur ren t  overload w a s  encountered f o r  both d r y  solutions 

and those coztaizing 5 O Q  and !GOO ppm water .  These i-esuits a r e  not i n  

a g r e e m e n t  with earlier s tudies  where anodic  and cathodic peaks,  wel l  

within in s t rumen ta l  l imitat ions,  w e r e  observed  f o r  t he  anhydrous sys t em.  

6 

(2) Dimethylfo r m a m i d e  solution 

T h e  r e su l t s  with copper  e lec t rodes  i n  LiPF 

anodic and cathodic act ivi ty  accompanied by apparent  dissolut ion of the  

working e lec t rode ,  s ince  coppe r  w a s  observed  to  plate out at the 

counterelectrode.  

solution indicate  v e r y  high 
6 

4 ,  

d. Copper  Flu0 r ide Elec t  rode 

(1) Acetoni t r i le  solutions 

Resul ts  on the e f fec t  of w a t e r  addition on C u F  i n  ace ton i t r i l e -KPF w e r e  

inconclusive.  

t hose  containing 500 and 1000 ppm water .  

m e n t  with e a r l i e r  s tudies  where  anodic and cathodic peaks,  well  within 

in s t rumen ta l  l imitat ions,  were  observed  f o r  the anhydrous sys t em.  

2 6 
Cur ren t  overload w a s  encountered f o r  both d r y  solutions and 

These  r e su l t s  a r e  not i n  a g r e e -  

( 2 )  Dimethylformamide solutions 

The effect  of concentrat ion of KPF 

f o r  coppe r  f luoride in  1. 0, 2. 0,  and 3. 0 m solutions.  Changing the con-  

cent ra t ion  had no apprec iab le  effect  on the cyclic vo l t ammograms  of t h i s  

sys tem.  

(Ref. 3, p. 56). Medium low to medium high anodic peaks w e r e  obtained 

with vanishing cathodic peaks at the lower  sweep r a t e s  indicating f o r m a t i o n  

of a soluble anodic product. 

i n  d imethyl formamide  was  de t e rmined  6 

This is in ag reemen t  with e a r l i e r  da ta  obtained at 0. 75 m 

- 2 0 -  



e. Nickel Elec t rode  

(1) Dim ethylfo rmamide  solution 

Tk;c c y c l i c  vo!tarnIr;ograr, 

but no cathodic activity,  similar to previous r e su l t s  with th i s  metal in  

flu0 r ide  electrolytes .  

f o r  nickel in LiPF solution shows  high anodic 6 

f .  Cobalt E lec t rode  

(1) Acetonitri le solution 

Cobalt in  K P F  

500 ppm and 1000 ppm wa te r  to t h i s  s y s t e m  i n c r e a s e s  the anodic activity but 

fails to show any improvement  i n  cathodic behavior.  

solution shows anodic but no cathodic activity.  Addition of 6 

g. Zinc Elec t rode  

(1) Acetonitri le solutions 

Zinc i n  L i B F  solution resu l t s  i n  anodic c u r r e n t  overload,  and causes  a 

darkening of the solution. 

KPF + LiPF solution. 

4 
Anodic c u r r e n t  overload i s  a l so  obtained i n  

6 6 

( 2 )  Dimethylfo rmamide  solutions 

The  effect of  K P F  6 
zinc in  1. 0, 2. 0, and 3.  0 m soiut ions.  

28 and 2 9  (CV-26S7,  CV-2645)  f o r  t he  1. 0 and 3.  0 m solutions respect ively.  

As indicated,  a. s ingle  s h a r p  anodic and cathodic peak is obtained i n  each case .  

The cathodic peak c a r r e n t  density shows a max imum value f o r  the 2. 0 m 

solution, whereas  the anadic  peak c u r r e n t  densi ty  genera l ly  d e c r e a s e s  with 

inc reas ing  concentration. 

cancentrat ion,  where the highest  values  f o r  the cathodic peak c u r r e n t  densi ty ,  

coulumbic ratiun, and sweep index a r e  ubserved.  Lowest  va lues  f o r  t hese  

concentration i n  dimethylformamide w a s  de te rmined  fo r  

The r e su l t s  a r e  shown i n  F i g u r e s  

Optimum overa l l  pe r fo rmance  o c c u r s  a t  this 

- 2 1 -  



s w e e p  p a r a m e t e r s  o c c u r  f o r  the 3.  0 m solution, possibly due to the inc reased  

viscosi ty .  In all c a s e s ,  a black react ion product f o r m s  on the zinc electrode.  

T h e  cycl ic  vo l tammogram f o r  zinc i n  LiPF. solution is shown in  F igu re  30 

(CV-2733) .  

with v e r y  high c u r r e n t  dens i t ies  and low peak-to -peak  separat ion.  

rate behavior indicates  formation of an  insoluble cathode. 

excess PF 

fo rma t ion  of bubbles on the  zinc sur face  was  observed.  

e x c e s s  PF 

anodic  p e a k i n  the CV curve .  Apparently,  e x c e s s  PF is de t r imenta l  to this  

sys t em.  

v 

The CV cu rve  shows single s h a r p  anodic and cathodic peaks 

Sweep- 

Addition of 0 .1  m 

c a u s e s  no significant change in  the sweep  curve ,  although the 
5 

Addition of 0. 2 m 

i n c r e a s e s  the gassing at the zinc s u r f a c e  and broadens the 5 

5 

( 3 )  Propylene  carbonate  solution 

Zinc in  propylene ca rbona te -L iPF  

and cathodic peak, but with e r r a t i c  behavior  i n  the f o r m  of super imposed  

i r r ep roduc ib le  low c u r r e n t  spikes.  

shows a broad,  low c u r r e n t  densi ty  anodic 6 

h. Cadmium Elec t rode  

(1) Acetonitri le solutions 

Cadmium i n  K P F  t LiPF solution, as well  as  i n  L i B F  solution, r e su l t s  
6 6 4 

i n  anodic c u r r e n t  overload of the instrumentat ion.  Ins t rument  osci l la t ion 

prevented observat ion of the cathode sweep. 

( 2 )  Dimethylformamide solutions 

The  CV curve  f o r  cadmium in K P F  

single  anodic and cathodic peaks a r e  obtained with peak-to -peak  sepa ra t ion  

of 100-200  mv. 

solution i s  not reproducible.  Very high 6 

This  s y s t e m  i s  recommended fo r  f u r t h e r  study. 

Cadmium i n  LiPF solution resu l t s  i n  both anodic and cathodic c u r r e n t  6 

- 2 2 -  



over load  with solution discolo ration. 

( 3 )  Pr=pyler,e carbonate solutions 

Cadmium in  KPF 

with v e r y  high c u r r e n t  density. 

load occur s  at the h igher  sweep rates so that an  indication of cathode 

solubili ty cannot be obtained. 

causes c u r r e n t  overload. 

solution shows a b road  anodic and a s h a r p  cathodic peak 

Reproducibility is poor, and c u r r e n t  o v e r -  
6 

6 
Cadmium i n  propylene carbonate  -LiPF 

i. Molybdenum Elect rode 

(1) Dime thylf o rmamide  s oluti on 

Molybdenum e lec t rodes  in  K P F  

act ivi ty  . 
solution show low anodic and no cathodic 6 

(2)  Propylene carbonate solution 

The resu l t  f o r  molybdenum i n  K P F  solution a re  similar to those obtained 

in  dimethylformamide,  namely, iow anodic and very  low cathodic activity. 
6 

j. Indium Elec t rode  

(1) Dimethylfo rmamide  solution 

The cyclic vol tammogram fo r  indium in  KPF,  solution shows two broad 

anodic peaks of v e r y  high cu r ren t  density,  repeti t ive anodic peaks on the 

r e v e r s e  sweep, and a medium low cathodic peak. A d a r k  brown d i s -  

coloration of the solution accompanies  the cycling p rocess .  

cu rves  thus indicate complex anodic reac t ions  yielding products  of 

l imited utility on discharge.  

" 

The voltage sweep 

( 2 )  Propylene carbonate solution 

Indium in  K P F  solution resu l t s  in voltage overload caused  by v e r y  high 6 

- 2 3 -  



c u r r e n t  dens i t ies  for both anodic and cathodic sweeps.  

p re sumab ly  indium, is observed  to plate  out at the  countere lec t rode  in -  

A metal, 

dicating that the himL - v n = P t i T . r i t v  of indium elec-rcdes in t h i s  e!ectr=?--+e 
6" 1 Y 8,- 

r e s u l t s  f r o m  high solubili ty of e lec t rode  reac t ion  products .  

k. Iron Elec t rode  

(1) Dimethylformamide solut ion 

The cycl ic  voltaknmogram for i ron  i n  K P F  

and  v e r y  low cathodic activity.  

solution shows a low anodic 6 
No peaks a r e  obse rved  f o r  th i s  sys t em.  

( 2 )  Propylene  carbonate  solutions 

The cycl ic  vo l tammogram f o r  i ron e l ec t rode  in  K P F  

F i g u r e  31 (CV-2893) .  

a p p e a r s  at the e x t r e m e  anodic voltage range and a low c u r r e n t  dens i ty  

cathodic c u r r e n t  occu r s  a t  the cathodic voltage l imit .  

solution is  shown in  

A single  anodic peak of medium low c u r r e n t  densi ty  
6 



0 

d 
0 
a 
d 

I n 

0 0 

d d 
0 0 
N a3 
d 

3 3 X V H 3  

0 0 0 

0 

* 0 

-25- 

d d 
0 * 

I 

33XVH3SICI 

0 - 

a3 

0 

9 

0 

-jr 

0' 

N 

d 

0 

N 

d 
I 

* 
0 

I 

a 
d 
I 

co 
d 

I 

0 

d 

I 



! 

0 
N 

E a a 
0 
0 
0 
N 

+ 
N 

d u 3 
a, a 

E 
Ll 

I 0 

4 

a3 

0 

9 

d 

w 
d 

nl 

d 

0 

N 

d 
I 

* 
0 

I 

9 

d 
I 

a3 

0 
I 

0 

,-I 

0 0 0 0 0 

0 
9 
d 

d d 
9 
,-I 

d 
nl 
cr) 

0 
a3 * 

I I I 

313XVH3 'c uI:,/-euI 3 E>VV H 3 SIa 



I 

N 
d 

V 7 
: Y 

E" 
k 
0 

d U  
h Y  

W 

0 

0 
a 
d 

33ITVH3 

0 0 

0 0 
9 
d 

I 

uI3/eur 
2 

0 

0 
r\l 
cr) 

I 

0 

4 

co 
0 

9 

d 

* 
0 

N 

d 

0 

N 

0 
I 

* 
d 

I 

9 

0 
I 

03 

d 
I 

0 

d 

0 0 1  

0 0 
03 * * 9 

I I 

3 3 8 V  H 3sIa 

- 2 7 -  

rc) 

Y 
k 
7 
M 

irl 



h 

E 
L n  

1 I 1 -1- 
0 0 0 0 

d d 
N 

-- .LI- 
0 0 

0 d 
N a 
cc) + 

I I 

3 3 H V H 3 S I a  

0 

.- 

a 
d 

9 

d 

-+ 
d 

N 

0 

0 

N 

0 
I 

.dl 

0 
I 

9 

d 
I 

a 
0 

I 

0 

d 
I 

- 2 8  - 



I I C  

0 0 0 

0 d d 
a) 
N 9 

0 

d 
0 0 0 

0 
d.' 
9 

0 
a) 
N 

0 
N rn 

I d 4 
I I 

3 38V H 3 SIa 

0 

d 

a) 

0 

9 

0 

-;r 
d 

N 

0 

0 

N 

a 
I 

d.' 
0 

I 

Q 

0 
I 

a) 

d 
I 

0 

d 

I 

- 2 9 -  



0 0 0 0 0 0 

d d d 0 0 0 
0 0 0 0 0 
N N * 9 a3 

I I I I 

ru3/eru 3 3 X V H  3 s I a  
Z 3 3 X V H 3  

03 

0 

9 

0 

* 
0 

N 

0 

0 

I 

N 

d 
I 

* 
0 

I 

9 

0 
I 

0 
I 

0 

4 

t 

4 
N 

. - 3 0 -  



I 

9 ’  
i 

1 1 
. 

0 

d 

33 

0 

9 

d 

w 
0 

N 

0 

0 

r\l 

d 
1 

* 
0 

1 

9 

0 
1 

a2 

0 
1 

0 

4 

0 0 0 0 1  

0 0 0 0 
a N a2 * 

rcl * a 

0 0 

9 
4 4 

d 0 

I I 1 1 

3 3 X V H 3  7U13’eu 3 3 X V H  3 SIa  

-31 - 



N 

0 
43 
d 

d 
0 
d 

I I 
co 

0 

d cr) 
Ln 

I 

9 
0 
d 

I 

0 

d 

co 
h v 

9 

0 

d, 

0' 

N 

0' 

0 

N 

d 

* 
0 

I 

9 

d 
I 

a3 

0 
I 

0 

d 

I 

- 32 - 



I l V b  
0 

! 

N 

b 
co 

9 0 

d.' 
4 0" 

0 

4 

a3 

0 

9 

0 

* 
d 

N 

0 

0 

N 

0' 
I 

d.' 
0' 

I 

a 
3 

I 

J) 

s 
I 

3 

4 

I 

- 3 3 -  



” 

0 

4 

a2 

0 

9 

0 

* 
0 

N 

0 

0 

nl 

0 
I 

0 
I 

9 

d 
I 

a3 

0 
I 

0 

0 0 0 0 0 ’ :  

ni 0 
cy) 

9’ 
0’. 

I I I 

UI3/-eur 39m3H3SICI 
7 

- 34- 



I 

c, 
a, 
Id 
C 
0 e 
k 
Id 
0 

Q ) u  c a ,  
a m  

I 0 

0 

d 

cc 
d 

9 

0 

* 
0 

NI 

0' 

0 

N 

d 

Y 

c 
I 

9 

0 
I 

03 

0 
I 

0 

d 
0 0 0 0 1  0 0 0 0 0 

co 
N N * N) 

r- 0 r- 4 4 co 
0 0 4 N N 

4 N rc) * 
4 4 

4 
N 4 

I I I I 

uI3 / Pur 3 3 X v H 3 S I a  
2 33XVH3 

- 3 5 -  



d+ 
0 
U 
+ 

I$ 
aJ 

I 
aJ 
c, $ 2  

0 0  
k k  

o o  
a J Q )  

W c ,  

+ A  w w  

w' 

lo 

N 

aJ 
k 

k 
0) 

N co 

d+ N 
9 w 
d s' 

0 

A 

Q) 

d 

9 

0 

* 
d 

N 

0 

0 

na 
0 

I 

* 
0 

I 

9 

0 
I 

co 
d 
I 

0 

d 

4 
+ 
N 

0 c.i 
d 

N 
I 

9 
N 
dl 

I 

uIs/-euI 33xvH3SIa z 
- 3 6 -  



c 6 g  
N 

I I I 
0 

d 
co 

I I I L 
0 0 

d 0 
co 

I 

0 0 0 

9 * 
A AI 

R d d 
m 

I I I 

3 3 8 v H 3 S I a  

- 3 7 -  



h 

E 
m 
0 
Y 

-+ 

0 

h 
w 
4 

s 
E 

C Q  
N 

I 

l 

a, 

$5 
0 0  
2 2  
v o  
a , a  

0 
I U  I 

0 0 

9 
m 
N 

0 0 

m d 
N 
4 

0 0 

co 9' 
N Ln 
A N 

I I 

3 3)Iv H 3 SI a 

0 - 

co 
c? 

a 
d 

+ 
0 

cd 

0 

0 

AI 

0 
I 

w 
c 

I 

\D 

0 
I 

co 
0 

I 

0 

4 

l 

-38- 



h 

E 
Lo 
4 
Y 

c 
O* 

I 0 

';r 

9 
N * 

co N 

m VI 

m N 
4 4 

9 0 

9 0 
0 
4 

u3/'F?Iu 
2 

- 39-  

9 N 

9 m 
0 4 

4 N 
I I 

co 

9 

d 

* 
d 

N 

0 

0 

r\p 

0 
I 

dl 

a 
l 

a 
c. 

I 

co 
d 

0 

4 

I 

3 9XVH 3 SIa  



k 0 
P-l 

N 
I l U 9  

I 0 .+/ 

/" 

0 

4 

a3 

d 

\D 

d 

" 
0 

ng 

0 

0 

nl 

0" 
I 

0 
I 

Q 

d 
I 

a3 
0 
I 

0 

z 
0 
H 



0 0 

d d 
9 c 
co -+ 

3 9 E V H 3  

0 

d 

I I 1 
0 

0 
0 * 
I 

0 

4 

co 
0 

9 

0 

d 

N 

0" 

0 

N 

0 
I 

v 
0 
I 

9 

0 
I 

co 
0 

I 

0 

4 

I 

z 
0 
t-l 
4 
N 

b-4  

0 0 0 

0 
0 
co 

d 
0 
N 

0 
0 
9 

I A 4 
I I 

33EVH3SICI 

-41 - 



0 

h 

a, 

w 
4 

5 
E 

a 6  
V 

I 

0 
I 

c, 

0 0  
k k  

$ 2  
c , + J  
v v  
a , a ,  

w " w "  

0 >  

" 0  

0 0 0 0 

" N nl a cr) m 

d 6 s 0' 

3 f 3 W H 3  
I 

uI3/-eu z 

0 0 0 

0 " 
9 

0' 
9 m 

c) 
m 

I I I --! 

I zr32wH3SIa 

0 

4 

co 
0 

a 
d 

A 

d 

N 

0 

0 

r-4 

0 
I 

* 
C 

I 

4 

d 
1 

os 
0 

I 

0 

r-i 

I 

E+ 
N co -4 

,-+ 

- 4 2 -  



, 

I 0 

I I I 
0 0 0 0 

I 
0 

0 

d 

03 

d 

9 

0 

-+ 
0 

N 

d 

0 

l-4 

0 
! 

* 
0 

I 

9 

0 
I 

a3 

0 
I 

0 

4 
I 

d 0 0 0 0 0 
N * 9 a3 a3 
cr? N I 4 

uI3/-euI 33x t rH3SIa 
7 

3 3 8 V H 3  

-43- 



3 0 
I I ' U '  

I 

0 0 

d 0 
N a 
?1 i 

i' 
i 

4 

0 0 0 0 0 1  

0 d 
N 
rQ 
I 3 

-44- 



I 0 

I 1 

9 

3 3 8 V H 3  

d 9 hi 
I 4 

I 

2 
0 
Y 

0: m 
4 N 

I I 

3 9 8 V H  3 s Ia 

-45 -  



I 
i 
B 

0 .  

I 
I I I W O  

-7 

Q 
0 

3 3 X V H 3  

I I I 
\D N co 

0 0 d 4 I 

-46 -  



N 

0: 
d 

0 N 

0 P 
d 

1 

0 

4 

aJ 

09 

9 

d 

* 
d 

ny 

0 

0 

N 

0 
I 

* 
d 

I 

9 

0 
I 

aJ 

0 
I 

0 

4 

I 

-47 - 



I .  I 1 

0 

f . 

i 

I - 
I 

I 

4 

03 

0 

9 

d 

* 
0 

r\l 

0 

0 

N 

0 
I 

* 
0 

I 

9 

0 
I 

03 

0 
I 

0 

d 

-48 - 



0 

I 
i 
1 
I 

I 
i 

i 
I 

j 

I I 
i 
I 
I 
I 

i 
~ 

I 
I 
I 

I l l  0 

I 

\ '.. 

0 

0 
a3 

\ 

0 0 0 0 0 0 

0 
9 

0 + 0 
N 

2 0 
N 

I 

d + 
I 

E 

d 

9 

d 

" 
0 

r\l 

0 

0 

N 

0 
I 

* 
0 

9 

0 

co 
0 
I 

0 

4 

Y 

-49 -  



0 0 0 0 C 

0 
a 

0 
N 

0 
m 

0 -+ 

L 

0 

4 

02 

0 

9 

d 

* 
0 

N 

G 

0 

ry 

0 
1 

* 
0 

I 

a 
0 

I 

a, 

0 
I 

0 

d 0 * 

9 
N 

a, 
k 
5 
M 

i;] 

- 5 0 -  



a) 

0 
_. . 

I /  
: 

! 

9 - ; d  

I 

N 

I 

-+ 
- c  

I 

a) 

- 0  
, *  

I 

co 
a) 
co 

0 co 
0 co 

co 
I 

dl 

9 
N 

\d 

I 

33XVH3 SIa 

-51- 



OD 
9 

I 
Q 

$5 
0 0  
k k  

v u  
4 2 4 2  

0 

.o 
4 2 " )  r- 
rd d m  

6: 

I1 

I W 6 H N U  I' I 

0 0 

d 
OD * 

d * 
9 

3 3 X V H 3  

0 

0 
N 
") 

0 0 0 0 0 

9 9 N a3 

I I 
d d ") 

d 0 0 0 0" 
! 

39XVH3SIa  

0 

4 

a3 

0 

9 

d 

* 
0' 

n% 

0 

0 

N 

0 
0 

-+ 
0 
! 

0 
I 

OD 

0 
I 

0 

4 

I 

cc) 
N 
2 N! 

-52 -  



A - 
E 
4 

cr 

0 

Y 

9 + 
k 

~~ 

0 0 0 

39NVH3 

0 

4 

co 
0 

9 

d 

9 

0 
. 

N 

d 

0 

N 

0 
. 
I 

-$ 

0 
I 

9 

d 

co 
d 

0 . 
d 

I 

2 

E-c 
s 

-53- 



I I I 
9 N co 



co 9 

N 0: 

9 

0 

0 

nli 

d 

0 

nl 

0 
I 

* 
0 

I 

9 

Q 
I 

co 
0 

I 

0 

-55-  



B. TABLES O F  CYCLIC VOLTAMMETRIC DATA 

Incll-lded in  this  sect ion I r e  tables  l is t ing p a r a m e t e r s  der ived from. the cy.:1ic 

vol tammograms.  These  p a r a m e t e r s  are as follows : 

1. Sweep index - This  is a relat ive f igure  of merit taking into 

account  peak heights, sweep  rate, and d ischarge  capacity. This parameter 

is  desc r ibed  i n  m o r e  detai l  i n  an e a r l i e r  r epor t  (Ref. 1, p. 80). 

2. P e a k  c u r r e n t  density range  - Relative magnitude of peak 

c u r r e n t s  c lass i f ied according to page 2. 

3.  AV - Peak- to-peak  displacement  i n  volts of cha rge  and d i s -  
P 

cha rge  react ions giving a m e a s u r e  of overa l l  e lec t rode  reversibi l i ty ,  o r  i n  

m o r e  prac t ica l  terms, a m e a s u r e  of suitabil i ty of the e lec t rochemica l  sys t em 

f o r  second bat tery application. 

4. Coulombic ra t io  - Ratio of cathodic to anodic peak area .  

Values significantly i n  excess  of unity f o r  the p re - fo rmed  e lec t rodes  

(chlor inated and fluorinated me ta l s )  a r e  indicative of the contribution of 

the or ig ina l  raiilodic material to the d ischarge  react ion independent of the 

material fo rmed  by the preceding charge  sweep. 

5. Discharge capaci ty  - Measure  of d i scharge  uti l ization p e r  unit 

area of e lec t rode  sur face ,  when compared  with the coulombic rat io  except 

f o r  values  of the l a t t e r  g r e a t e r  than unity. 

A l s o  included a re  tables  l ist ing the s y s t e m s  causing voltage and c u r r e n t  

overload of the instrumentat ion preventing recordable  vol tammograms as 

well as those  sys t ems  failing to exhibit e i t he r  anodic o r  cathodic peaks. 

In c a s e s  of solutions having varying molali ty,  the concentrations a r e  

included with the designated system. 

i i s ted  in  Tabie I. 
The concentration of all solutions a r e  
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TABLE I V  

S Y S T E L4.S CAT: S I N  G VO L T AG E 0 'J E RLO AI3 
O F  INSTRUMENTATION 

CHLORIDE AND PERCHLORATE ELECTROLYTES 

Sys tern 

Ag/BL-MgC12 (a) 

AgCl /DMF -MgC1 (c) 
2 

AgCl/PC-MgC12 (c )  

CuCl /PC-LiC104 (b)  

CuC12/PC-LiC10 4 (a) 

Ni/BL-MgC12 (b) 

Z n / D M F  - A1C 1 3t Li C1 

Zn /DMF -MgC12 

2 
Z n / P C  -MgCl 

Cd / P C  - LiClO 

Fe jDMF-LiC1  (0. 5 m )  

2 

c v  - 

2527 

25 35 

2 5  38 

2560 

2559 

2532 

2847 

2803 

2809 

2710 

2902 

Max. h o d .  
C.. D. 

Max. Cath. 
C. D. 

m a / c m  2 

272 

n r*  

200 

40 0 

1200 

n r  

1600 

1600 

n r  

320 

1600 

m a / c m 2  

28 0 

n r  

300 

800 

1600 

ni l  

n r  

n r  

n r  

2140 

n r  

(a) Containing 500 ppm wa te r  

(b)  Containing 1000 ppm w a t e r  

( c )  Containing 2000 ppm wa te r  

$C Not recordable  due to in s t rumen t  osci l la t ion resul t ing f r o m  ampl i f i e r  
m i s m a t c h  with varying cel l  impedance. 

BL - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene  carbonate  



TABLE V 

SYSTEMS CAUSING VOLTAGE OVERLOAD 

FLUORIDE ELECTROLYTES 
O F  INSTRUMENTATION 

Max. Anod. Max. Cath. 
System - cv C. D. C. D. 

2 ma/ cm 2 ma/cm 
AgF /DMF-KPF6 ( 3 . 0  m) 2621 nr* nr 

AgF2/DMF-KPF6 (1.5 m) 2622 n r  n r  

In / P C  - KPF6 2899 1600 800 

2 

* - Not recordable due to instrument oscil lation 

DMF - Dimethylformamide 
P C  - Propylene carbonate 
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TABLE VI 

Sys t em 

SYSTEMS CALJSPNG CURRENT 
O F  INSTRUMENTATION 

CHLORIDE AND PERCHLORATE ELECTROLYTES 

Max. Anod. Max. Cath. 
CV C. D. C. D. 

2 m a / c m  
- 

m a / c m  2 

Cu/DMF-LiC104 (0.5 m)  2640 n r  * n r  

Zn /AN - Al C1 gt Li C1 27 68 0 >;< >;< ov 

Zn/DMF-LiC1 (1.0 m) 271 1 ov ov 

C d / A N  - Li C10 2740 ov n r  

C d / B  L - Li C10 2761 ov  ov 

2 
'k - Not recordable  due to in s t rumen t  osci l la t ion 
a;< - Maximum c u r r e n t  g r e a t e r  than 4.8 a m p /  c m  

A N  - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylformarnide 
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Svs tern 

TABLE VI1 

SYSTEMS CAUSING CURRENT OVERLOAD4 
O F  INSTRUMENTATION 

FLUORIDE ELECTROLYTES 

Cu/AN-KPF6 (b) 

Cu/AN-KPF6 (a) 

CuF2 /AN-KPF 6 (b) 

C U F ~ / A N - K P F  6 (a) 

Co/AN-KPF6 (b) 

Zn/AN - L i B F  

Zn/AN-KPF i-LiPF 6 
C d /AN - L i B F 4  

Cd/AN-KPF tLiPF 

C d / D M F - L i P F  

C d / P C - L i P F 6  

4 

6 

6 6 

6 

Max. h o d .  
c v  C. D. - 

m a / c m  2 

2571 OV'"' 

2570 ov 

2574 ov 

2573 ov 

2568 ov 

2787 ov 

2754 ov  

2786 ov 

2755 ov 

27 34 ov 

2702 n r  

(a) Containing 500 ppm water  
(b) Containing 1000 ppm wa te r  

2 
a;< - Maximum c u r r e n t  g rea t e r  than 4.8 a m p / c m  
::< :;< - Not recordable  due to ins t rument  osci l la t ion 

AN - Acetonitri le 
DMF - Dimethylformamide 
P C  - Propylene carbonate  

Max. Cath. 
C. D. 

ma / cm 2 

ov 

ov 

ov 

ov 

r :;c ::e 

n r  

n r  

n r  

n r  

ov 

n r  
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TABLE VI11 

PEAK CURRENT DENSITY RANGE 
CHLORIDE AND PERCHLORATE ELECTROLYTES 

Sys tern 

Ag/AN-AlCl  t L i C l +  

Ag/DMF-LiC1 (2. 5 m)  

Ag/DMF-LiCl  (1. 5 m)  

Ag/DMF-LiC1 (1. 0 m)  

Ag/DMF-LiC1 (0. 5 m)  

Ag/DMF-MgC12 (c )  

Ag/DMF-MgC12 (b) 

Ag/PC-MgC12 (b) 

Ag/PC-MgC1 (a) 

AgCl/DMF-LiCl  (0. 75 m )  ( c )  

AgCl/DMF-LiC1 (0. 75 m )  (b)  

AgCl/DMF-MgCl (b) 

AgCl /PC-MgCl  (b) 

Cu/DMF-LiC1 (1.5 m)  

Cu/DMF-LiC1 (1.0 m) 

Cu/DMF-LiC1 (0. 5 m)  

Cu/DMF-LiClO (2. 5 m) 

3 

2 

2 

2 

4 

cv 

2774 

2595 

2596 

2600 

2605 

2525 

2520 

25 30 

2529 

2549 

2544 

25 34 

25 37 

2584 

258 9 

2594 

2627 

>:e - LiCl sa tu ra t ed  

AN - Acetonit rile 
B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene  carbonate  

Anodic 

v e r y  high 

v e r y  high 

v e r y  high 

very high 

high 

med ium low 

high 

high 

med ium low 

high 

v e r y  high 

high 

high 

high 

high 

high 

high 

Cathodic 

v e r y  high 

ve ry  high 

v e r y  high 

v e r y  high 

v e r y  high 

high 

v e r y  high 

high 

medium low 

v e r y  high 

v e r y  high 

very  high 

high 

med ium low 

high 

high 

high 

( a )  Containing 500 pprn w a t e r  
(b)  Containing 1000 pprn w a t e r  
( c )  Containing 2000 ppm w a t e r  
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Sys tem 

Cu/DMF-LiC10 (1. 5 m )  

Cu/DMF-LiClO (1.0 m) 

CuO/PC-LiC10 (b) 

CuO/PC-LiC104 (a) 

2 n / A N  - Al C1 3t Li C1'k 

Zn / AN - LiClO 

Zn / B L - Li C 10 

Zn/DMF-LiClO (2. 5 m) 4 
Zn/DMF-LiClO (1. 5 m) 4 
Zn/DMF-LiClO (1.0 m) 4 
Zn/DMF-LiClO (0. 5 m)  4 
Zn/DMF-LiClO t L i C 1  

4 
Zn/DMF-Mg(ClO 

Zn/PC-AICI  t L i C l  
3 

Zn / P C-AlC1 t LiC1::; 
3 

Zn/PC-LiClO 

Z n / P C  - Mg (C10 ) 

Cd/DMF-LiC1 (1. 0 m)  

C d / DMF - AlCl t Li C1 

CdjDMF-LiC10 (2. 5 m)  
4 

4 

4 

4 

4 

4 

4" 2 

4 

4 2  

3 

>I: - LiCl sa tu ra t ed  

TABLE VI11 (Cont'd. ) 

cv 

26 32 

26 38 

2557 

2555 

2769 

27 39 

2760 

2663 

2668 

2680 

267 5 

27 66 

28 31 

2780 

2792 

2709 

28 21 

2716 

28 42 

2688 

- 

AN - Acetoni t r i le  
B L  - Butyrolactone 
DMF - Dimethylfo r m a m i d e  
P C  - Propylene  carbonate  

~~~ 

Anodic 

high 

high 

v e r y  high 

high 

v e r y  high 

v e r y  high 

med ium low 

high 

high 

v e r y  high 

v e r y  high 

high 

v e r y  high 

med ium high 

med ium high 

high 

low 

v e r y  high 

med ium high 

v e r y  high 

Cathodic 

low 

medi  u m  high 

ve ry  high 

v e r y  high 

high 

v e r y  high 

med ium low 

med ium low 

ve ry  high 

high 

v e r y  high 

high 

v e r y  high 

medium low 

medium low 

medi  u m  high 

low 

high 

low 

ve ry  high 

(a) Containing 500 ppm w a t e r  
(bj  Containing 1000 ppm water  
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TABLE VI11 (Cont’d. ) 

Sys tern 

C d / DMF - Li C104 

Cd/DMF-LiC104 

Cd/DMF-LiCIOq 

cv  Anodic 

( 1 , s  m) 2690 v e r y  high 

(1. 0 m) 268 3 v e r y  high 

(0. 5 m) 2691 v e r y  high 

Cd/DMF-LiC10 +LiCl  

Cd/DMF-MgC12 

C d / D M F  - Mg (C10 ) 4 2  
Cd /PC-AlCl  t L i C 1  

Cd/PC-AlC1 +LiCl+ 

Cd/PC-MgCIZ 

C d /  P C  - Mg ( C104)2 

In /DMF-LiC1 (0.5 m) 

In /DMF-LiC10 (1.0 m) 

4 

3 

3 

4 
r -  I 
It1 / DIdF -Mg (ClO ) 

In /PC-LiCIO 

In /PC-Mg(C104)2  

4 2  

4 

:I: - LiCl  sa tu ra t ed  

2767 

2802 

28 36 

2785 

2797 

28 08 

2826 

2912 

2942 

2888 

2927 

290 1 

v e r y  high 

medium low 

high 

low 

v e r y  low 

low 

low 

high 

v e r y  high 

high 

me di urn h i  g h 

v e r y  high 

Ca tho di c 

v e r y  high 

v e r y  high 

v e r y  high 

v e r y  high 

v e r y  low 

v e r y  high 

low 

v e r y  low 

v e r y  low 

low 

medium low 

medium low 

medium- high 

medium high 

v e r y  high 

-4N - Acetoni t r i le  
DMF - Dimethylfo r m a m i d e  
P C  - P ropy1 ene carbonate  
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TABLE IX 

Sys tem 

P E A K  C U R R E N T  DENSITY RANGE 
FLUORIDE ELECTROLYTES 

6 Ag /AN - LiPF6+KPF 

Ag 1 P C  -LiPF 

C u / A N - L i P F  + K P F  

Cu / DMF - Li PF 

Cu/  P C  -LiPF 

C u F  / D M F - K P F 6  (3 .0  m)  

Z n / D M F - L i P F  

Z n / D M F - L i P F  tPF (a) 

Z n / D M F - L i P F  tPF5 (b) 

Zn /DMF-KPF6  ( 3 . 0  m)  

Zn /DMF-KPF,  (2 .0  m) 

Z n / D M F - K P F  (1 .0  m) 

Z n / P C  -LiPF 

C d / D M F - K P F  (0.75 m)  

6 Cd/  P C  - K P F  

I n / D M F - K P F  (0.75 m) 

6 

6 6 

6 

6 

2 

6 

6 5 

6 

0 

6 

6 

6 

6 

5 

5 

(a) - 0.1  m PF 

(b) - 0 . 2  m PF 

cv  

2752 

2704 

275 1 

27 18 

2696 

2610 

2733 

2744 

2745 

2645 

265 1 

2657 

2703 

28 14 

2816 

2953 

An0 di c Cathodic 

v e r y  high 

v e r y  high 

v e r y  high 

v e r y  high 

high 

low 

v e r y  high 

v e r y  high 

high 

high 

high 

v e r y  high 

low 

ve ry  high 

high 

v e r y  high 

high 

high 

v e r y  high 

v e r y  high 

high 

medium high 

v e r y  high 

v e r y  high 

high 

high 

v e r y  high 

v e r y  high 

low 

v e r y  high 

v e r y  high 

medium low 

AN - Ace t o ni t ri 1 e 
DMF - Dimethylformamide 
P C  - P ropy1 e ne c ar  bo nate 
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Svs tern 

Ag/DMF-LiC1 (2.5 m) 

Ag/DMF-LiC1 (1.5 m )  

Ag/DMF-LiC1 (1. 0 m) 

Ag/DMF-LiC1 (0. 5 m) 

Ag/DMF-MgC1 (c )  
2 

Ag/DMF-MgC12 (b) 

Ag/PC-MgC1 ( b )  

Ag/PC-MgC12 (a) 

AgCl/DMF-LiC1 (0. 75  m) (c )  

AgCl/DMF-LiC1 (0. 75  m)  (b) 

AgCl/DMF--MgCl (b) 

AgCl /PC-MgCl  (b) 

Cu/AN -LiPF t K P F  

Cu/DMF-LiC1 (1 .0  m)  

Cu/DMF-LiC1 (0. 5 m)  

Cu / P C  - LiPF 

CuO/PC-LiC10 (a) 

Zn/AN-LiClO 

2 

2 

2 

6 6 

6 

4 

4 

TABLE X 

SWEEP INDEX'S 

cv - 

25 95 

2596 

2600 

2605 

2525 

2520 

25 30 

2529 

2549 

2544 

25 34 

25 37 

27 51 

2589 

2594 

2696 

2555 

27 39 

la) Containing 500 pprn water  AN 
(b)  Containing 1000 pprn water  BL 

Anodic 

ohm cm 
-1  -2  

663. 0 

218. 0 

320. 0 

27. 3 

6. 4 

332. 0 

147. 0 

9. 8 

37. 8 

218. 0 

34. 0 

111.0 

198. 0 

- 
- 

45. 0 

62. 7 

160. 0 

- 
- 

!c) Containing 2000 ppm wa te r  DMF - 
P C  - 2 

':<(peak c. d. ) x 100 
sweep r a t e  x c o u l / c m  2 

Cathodic 

-1  -2 
ohm cm 

1210.0 

962. 0 

892. 0 

397.0 

107. 0 

467. 0 

42. 0 

4. 6 

992.0 

1898. 0 

676. 0 

250. 0 

704. 0 

198. 0 

112.0 

120.0 

537.0 

65. 8 

Ac e t  o ni t ri 1 e 
Butyrolactone 
Dim e thylfo rmamid  e 
Propylene  carbonate  
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TABLE X (Cont 'd.  ) 

S W E E P  INDEX*< 

System 

Zn/DMF-LiC104 (2.5 m )  

Zn/DMF-LiC10 (1.5 m) 

Zn/DMF-LiClO (1. 0 m) 

Zn/DMF-LiC10 (0.5 m) 

Z n / D M F - L i P F  

Z n / D M F - L i P F  tPF (a) 

Z n / D M F - K P F  (3.0 m)  

Zn /DMF-KPF6  (2 .0  m)  

Z n / D M F - W F  (1 .0  m )  

Cd/DMF-LiClO ( 2 .  5 m )  

Cd/DMF-LiClO ( 1 .  5 m)  

Cd/DMF-LiC104 (1. 0 m) 

Cd/DMF-LiC104 (0. 5 m)  

C d / D M F - K P F  (0.75 m )  

Cd/  P C  -AlCl tL iC1  
3 

C d / P C - K P F 6  

4 
In /PC-LiClO 

In / P C  - Mg (C10 ) 4 2  

4 

4 

4 

6 

6 5 

6 

6 

4 

4 

6 

5 
(a) - 0 .1  m PF 

cv 

AN - Ac eto nit ril e 
B L  - Buty rolacto ne 
DMF - Dim ethyl f o r mami d e 
P C  - Propylene  carbonate  

266 3 

2668 

2680 

2675 

27 33 

2744 

2645 

2651 

2657 

2688 

2690 

268 3 

2691 

28 14 

2785 

28 16 

2927 

290 i 

Anodic 

ohm-  cm 1 -2  

72. 5 

- 

- 

195.0 

66. 8 

144.0 

192.0 

625.0 

123.0 

667. 00 

377.0 

53. 2 

87. 2 

41. 2 

- 
- 

9. 9 
- 

Cathodic 
-1  -2  

ohm c m  

25. 0 

391.0 

310.0 

563.0 

150. 0 

263. 0 

92, 7 

335.0 

283. 0 

835.0 

1267. 0 

1820. 0 

2260. 0 

1260.0 

15. 9 

782.0 

6. 7 

507. 0 

2 >:(peak c .  d. ) x 100 
~ 

2 
sweep  rate x c o u l / c m  
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TABLE XI 

- A v  ; COULOMBIC R-ATIO, AND DTSCHAR-GE CAPACITY 
P 

S y s t e m  
Coul. ::+ Disch. 

Capac. 

c o u l / c m  

cv AV * Ratio 
-P 2 

AgIDMF-LiC1 (2. 5 m)  2595 0. 35 0. 73  6. 40 

Ag/DMF-LiC1 ( 1 . 5  m) 

Ag/DMF-LiC1 (1. 0 m) 

Ag/DMF-LiCl(O. 5 m) 

Ag/DMF-MgCi2 ( c )  

Ag/DMF-MgC12 (b)  

Ag/PC-MgC12 (b) 

Ag/PC-MgC12 (a) 

Ag / P C  - Li PF 

AgCl/DMF-LiC1 (0" 75 m) (c )  

AgChJDMF-LiC1 (0. 75 m )  (b) 

Ag C1/ DMF - Mg Ch 

AgCl /PC -MgC12 (S) 

Cu/,&!Y-LiPF t K P F  

Cu/DMF-LiC1 (1. 0 m) 

Cu/DMF-LiCl ( O e  5 m)  

6 

(b ) 

6 6 

2596 

2600 

2605 

2525 

2520 

25 30 

2529 

2704 

2549 

2544 

25 34 

25 37 

275 1 

258 9 

2594 

0. 35 

0. 30 

0. 24 

0. 36 

0. 21 

0. 4 3  

0. 50 

0. 07 

0. 14 

0. 23  

0. 49 

0. 69 

0. 06 

0. 17 

0. 33 

0. 54 

0. 52 

0. 51 

0. 96 

0. 82 

1, 34 

0. 41 

- 

0. 58 

0. 63 

0. 63 

0. 58 

0. 36 

3. 36 

3. 72 

1. 57 

0. 34 

1. 42 

1. 14 

0. 31 

- 
2. 03  

4. 33 

1.44 

0. 41 

0. 55 

0. 34 

0. 41 

Cu/DMF-LiClO (2. 5 m )  2627 0. 04 - - 
27 18 0. 10 - - 

4 

6 
cu /DMF - L ~ P F  

>)< - Voltage separa t ing  anodic to  cathodic peaks 

>I< >;c - Ratio of cathodic to anodic peak areas 

AN - Acetoni t r i le  
BL - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene  carbonate  

(a) Containing 500 ppm w a t e r  
(b) Containing 1000 pprn wa te r  
(c) Containing 2000 pprn w a t e r  
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TABLE XI (Cont'd. ) 

System cv  

2696 Cu / P C  -LiPF 

CuO/PC-LiC104 (b) 2557 

CuO / P C  - Li C10 (a) 2555 

CuF / D M F - K P F  (3.Om) 26 10 

6 

2 6 

4 Zn/ AN - LiClO 

Zn/DMF-LiClO 

Zn/  DMF - Li C10 

Zn/  DMF -Li C10 

Zn / DMF - Li C10 

6 
Z n / D M F - L i P F  

4 

4 

4 

4 

2739 

(2. 5 m )  2663 

(1. 5 m) 2668 

(1.0 m) 2680 

(0. 5 m )  2675 

2733 

Z n / D M F - L i P F  tPF (c)  2744 

Z n / D M F - L i P F  tPF (d)  2745 

Zn/DMF-KPF (3.0 m) 2645 

Zn/DMF-KPF (2.0 m) 265 1 

Zn/DMF-KPF (1.0 m) 2657 

2709 Zn/PC-LiClO 

Cd/DMF-LiC10 (2. 5 m) 2688 

6 5 

6 5 

6 

6 

6 

4 

4 

(a) Containing 500 ppm water  
(b) Containing 1000 ppm water  

AV 4 
-P 

0. 30 

0. 33 

0. 39 

0. 18 

0. 19 

0. 07 

0. 01 

0. 06 

0. 09 

0. 06 

0. 08 

0. 2 1  

0. 06 

0. 09 

0. 08 

1. 50 

- 

(c 1 
(d) 

a:: - Voltage separat ing anodic to cathodic peaks 
*< a;: - Ratio of cathodic to anodic peak areas 

Coul. ** 
Ratio 

0. 72 

- 
1. 49 

- 

1, 10 

0. 7 1  

- 

- 
0. 36 

0. 46 

0. 4 4  

- 
0. 47 

0. 72 

0. 28 

- 
0. 86 

5 
5 

0.1 m PF 
0.2 m PF 

Disch. 
Capac. 

coul /cm 

1. 10 

2 

- 
2. 98 

- 
5. 62 

0. 5 1  

0.73 

0. 51 

0. 97 

2. 4 

2. 48 

- 

0. 40 

0. 54 

1. 7 1  

- 

1. 62 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylfo rmamide  
P C  - Propylene carbonate  
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Sys tem 

Cd/DMF-LiClO (1.5 m) 

Cd/DMF-LiC10 (1.0 m) 

Cd/DMF-LiC104 (0. 5 m) 

Cd /DMF-KPF (0.75 m) 

Cd/PC-AlC1 tL iC1  
3 

6 Cd/  P C  - K P F  

In/DMF-Mg (C10 ) 

In / PC - Li C1O 

In/PC-Mg(C104)2 

4 

4 

6 

4 2  

4 

TABLE X I  (Cont'd. ) 

cv - 

2690 

268 3 

269 1 

2814 

2785 

28 16 

2888 

2927 

290 1 

AV * Ratio 
-P 

0. 08 0. 50 

0. 05 0. 57 

- . 0.29 

0. 17 0. 19 

- - 
0. 35 - 
1. 00  0. 51 

- 0. 54 

* - Voltage separa t ing  anodic to cathodic peaks 

ak * - Ratio of cathodic to anodic peak areas 

Disch. 
Capac. 

cou l / cm 

2. 01 

3. 29 

1. 95 

2. 07 

0. 11 

2. 92 

2 

- 

0. 8 3  

1. 54  

AN - Acetonitri le 
BL - Butyrolactone 
DMF - Dime thylfo rmamide  
P C  - Propylene carbonate  
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Sys tem 

TABLE XI1 

SYSTEMS EXHIBITING ANODIC PEAK ONLY 4c 

cv 
P e a k  Cur  ren t  Density 

Range 

Cu/DMF-LiC1 (2. 5 m) 2579 high 

C u F  /DMF-KPF6  (2.0 m) 

CuF  JDMF-KPF6 (1.0 m) 

N i  / DMF - LiPF6 

N i / P C  -LiPF 

Co/AN-KPF6  (b) 

Mo / D M F  - Mg ( C104)2 

M o / P C - M ~ ( C ~ O ~ ) ~  

In /DMF - Mg C12 

Fe /DMF-AlC1  tL iC1  
3 

F e / D M F  - LiC104 

Fe / D M F  - Mg ( C104) 

2 

2 

6 

2615 

2620 

2778 

2701 (a) 

2567 

2856 

2870 

288 3 

medium low 

medium low 

high 

low 

high 

medium high 

low 

v e r y  high 

ve ry  high 

high 

medium low 

Fe / P C  - Mg ( ClO,) 2863 (a)  low 

2893 high 
6 Fe / P C  - K P F  

>;< - Maximum cathodic c u r r e n t  densi ty  in  ve ry  low range 
( 4  1 m a / c m 2 )  unless  o therwise  noted 

2 
(a) - Low range cathodic ((10 m a / c m  ) 

(b) - Containing 500 ppm water  

AN - Acetoni t r i le  
B L  - Butyrolactone 
DMF - Dimethylfo r m a m i d e  
PC - Propylene  carbonate  
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TABLE XIII 

SYSTEMS EXHIBITING CATHODIC PEAK ONLY 

Sys tern 

Ag / IjMF - LiPF 
6 

cv  

2723 

TABLE XIV 

SYSTEMS EXHIBITING NO PEAKS 

S y s t e m  

M O / D M F - A Z C ~  t L i C 1  

Mo/DMF-LiC1 (0.5 m) 

Mo/DMF-LiC10 (1. 0 m) 

Mo/DMF-MgC1 

Mo/DMF-KPF (0.75 m )  6 
Mo/PC-LiC104 

3 

4 

2 

6 MO /PC -KPF 

2 
F e  /DMF-MgC1 

F e / D M F - K P F  (0.75 m)  
6 

4 
F e / P C - L i C 1 0  

cv  

28 37 

2907 

2932 

2882 

2943 

2917 

2898 

2877 

2 948 

2922 

Peak C. D. Range 

low 

DMF - Dimethylfo r m a m i d e  
P C  - Propylene  carbonate  
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